Abstract: Evapotranspiration (ET) is one of the most important factors in urban water and energy regimes. Because of the extremely high spatial heterogeneity of urban area, accurately measuring ET using conventional methods remains a challenge due to their fetch requirements and low spatial resolution. The goals of this study were to investigate the characteristics of urban ET and its main influencing factors and subsequently to improve a fetch-free, high spatial resolution method for urban ET estimation. The Bowen ratio and the 'three-temperature model (3T model) + infrared remote sensing (RS)' methods were used for these purposes. The results of this study are listed in the following lines. (1) Urban ET is mainly affected by solar radiation and the effects of air humidity, wind velocity, and air temperature are very weak; (2) The average daily, monthly, and annual ETs of the urban lawn are 2.70, 60-100, and 990 mm, respectively, which are obvious compared with other landscapes; (3) The ratio of ET to precipitation is 0.65 in the wet season and 2.6 in the dry season, indicating that most of the precipitation is evaporated; (4) The fetch-free approach of '3T model + infrared RS' is verified to be an accurate method for measuring urban ET and it agrees well with the Bowen ratio method (R 2 is over 0.93 and the root mean square error is less than 0.04 mm h −1 ); (5) The spatial heterogeneity of urban ET can also be accurately estimated by the proposed approach. These results are helpful for improving the accuracy of ET estimation in urban areas and are useful for urban water and environmental planning and management.
Introduction
There are usually two strategies to mitigate the urban heat island. One is to increase the surface reflectance (albedo) of urban surface materials (building and pavement), which can reflect more short wave solar irradiance back to the space and reduce the net energy income of urban area [1] . This can be achieved by using high reflectance building material, or coating and painting technologies [2] . Another strategy is to increase evapotranspiration (ET) of urban area, which can use the absorbed solar energy by latent heat and then decrease air temperature [3] . Actually, ET is one of the most important components of the water budget and energy balance in urban environments. It has been extensively researched and applied to water and environmental quality management in agricultural and natural ecosystems. However, few researchers focus on urban ET, and it may be the least-studied part of urban hydrology [4] [5] [6] [7] . According to Grimmond and Oke [4] , urban ET is usually regarded far lower than A fetch-free and high spatial resolution ET estimation method is highly needed for urban water and environmental management.
Hence, the goals of this study are to investigate the characteristics of urban ET and its main affecting factor and then to improve a fetch-free, high spatial resolution method for urban ET estimation.
Materials and Methods

Study Site and Measurements
The study area was located in Xili University Town (about 22 • 35 40 "N, 113 • 58 20"E, 17 m above sea level), Shenzhen (Figure 1 ), which is a part of the most densely populated sub-tropical megacity in China. The study area was covered by different vegetation (about 50%) and buildings. Vegetation included tree, bush, and lawn. The height of building was around 20-30 m. Measurement was carried out in a flat lawn field with a size of 300 m in diameter. The plant species of the lawn was Zoysia matrella (L.) Merr., a widely-used lawn species in urban areas in south China. There were a few trees near the observation field and their shadow affected area were excluded when we analyzed the image of surface temperature. A Bowen ratio system tower was established at the central part of this field (photo at the bottom right side in Figure 1 ).
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Materials and Methods
Study Site and Measurements
The study area was located in Xili University Town (about 22°35′40″N, 113°58′20″E, 17 m above sea level), Shenzhen (Figure 1 ), which is a part of the most densely populated sub-tropical megacity in China. The study area was covered by different vegetation (about 50%) and buildings. Vegetation included tree, bush, and lawn. The height of building was around 20-30 m. Measurement was carried out in a flat lawn field with a size of 300 m in diameter. The plant species of the lawn was Zoysia matrella (L.) Merr., a widely-used lawn species in urban areas in south China. There were a few trees near the observation field and their shadow affected area were excluded when we analyzed the image of surface temperature. A Bowen ratio system tower was established at the central part of this field (photo at the bottom right side in Figure 1 ). The experiment was carried out from July 2014 to the end of 2015. The Bowen ratio system was used to measure the meteorological data, including solar radiation, photosynthetic active radiation (PAR), net radiation, the soil heat flux (5 cm under the ground surface, two duplicate samples), the air temperature and humidity at heights of 2 m and 1.5 m. Information regarding the sensor types, measuring height, and sensing resolutions were shown in Table 1 . All the data were sampled and recorded at intervals of 1 min and 10 min, respectively, using the Campbell CR1000 data logger.
An infrared thermal camera (IR Flexcam Ti55, Fluke Corp., Everett, WA, USA) was used to measure the surface temperature. The measuring wavelength of the infrared thermal imager was 8-14 µm, and the resolution was 0.05 °C. Each thermal infrared image contains 76,800 temperature data The experiment was carried out from July 2014 to the end of 2015. The Bowen ratio system was used to measure the meteorological data, including solar radiation, photosynthetic active radiation (PAR), net radiation, the soil heat flux (5 cm under the ground surface, two duplicate samples), the air temperature and humidity at heights of 2 m and 1.5 m. Information regarding the sensor types, measuring height, and sensing resolutions were shown in Table 1 . All the data were sampled and recorded at intervals of 1 min and 10 min, respectively, using the Campbell CR1000 data logger.
An infrared thermal camera (IR Flexcam Ti55, Fluke Corp., Everett, WA, USA) was used to measure the surface temperature. The measuring wavelength of the infrared thermal imager was 8-14 µm, and the resolution was 0.05 • C. Each thermal infrared image contains 76,800 temperature data (320 × 240). Measurements were carried from the top of a 50 m-tall tower, which was almost vertically above the canopy. The measurement was carried out every hour in triplicate from 8:00 to 17:00 on sunny, cloudless days. Before the measurement, the thermal camera was calibrated by against a thermocouple-blackbody measurement. Two procedures were taken to avoid the affection of external radiation and other possible uncertainties. First, all the measurements of surface temperature were carried out at the same location and same direction. Secondly, in addition to the measurement from tower, surface temperature was also measured at 2 m above the lawn canopy from different directions, which was used to verify with the data from tower measurement. 
where R n is net radiation (W m −2 ), L is the latent heat of water vaporization (J kg −1 ), H is the sensible heat flux (W m −2 ), G is the soil heat flux (W m −2 ), β is the Bowen ratio, C p is the specific heat of air at a constant pressure (J kg −1 • C −1 ), and ∆T and ∆q are the temperature and humidity difference between the heights of 2.0 m and 1.5 m, respectively. As required by using the BREB, unqualified data were filtrated out according to the following rules: (1) before sunrise and after sunset and (2) the Bowen ratio was very close to −1. In this study, the data in the range of −0.6 to −1.3 were filtrated out [37, 38] . Under this filter rule, data in some periods might be missing. If the amount of missing data was more than 50% of the daily total, daily ET was obtained by averaging the remaining valid instantaneous and then multiplying by the sunshine hours. If the missing data were less than or equal to 50%, adjacent valid data interpolation would be used to fill in the blanks. In the 3T model, by assuming there is a reference leaf (a leaf without transpiration) in the vegetation canopy, ET of fully covered vegetation can be estimated [39, 40] .
where R np is the net radiation of the reference leaf (W m −2 ), T c is the vegetation surface temperature (K), T p is the surface temperature of the reference leaf, and T a is the air temperature (K). In this study, thermal images are taken from the top of the tower every hour in triplicate. From these images, we can get T c , while the corresponding maximum T c in the same image is regarded as T p . R np is estimated by using the T p and solar radiation. All these procedures have been written into a software named 'A system to estimate evapotranspiration by infrared remote sensing and the three-temperature model', Radiation is the only energy sources of ET. In this study, we measured solar radiation (R s ), net radiation (R n ), and PAR continuously over the experimental period. To show them more clearly, these values were averaged into daily mean and their variations were shown in Figure 2 . It was shown that there were obvious seasonal variations. R s was high and approximately 300 ± 50 W m −2 in summer and autumn ( 
Results
Meteorological Characteristics in the Studied Urban Area
Radiation Characteristics
Radiation is the only energy sources of ET. In this study, we measured solar radiation (Rs), net radiation (Rn), and PAR continuously over the experimental period. To show them more clearly, these values were averaged into daily mean and their variations were shown in Figure 2 . It was shown that there were obvious seasonal variations. Rs was high and approximately 300 ± 50 W m −2 in summer and autumn (Table 2) The daily maximum R n was 199.04 W m −2 (on 27 July 2015), whereas the minimum value of R n was −32.50 W m −2 (on 17 December 2014). From 1 August 2014 to 31 July 2015, the daily average R n was 78.34 W m −2 . The average monthly R n varied from 30.16 to 134.23 W m −2 . The maximum appeared in June, and the minimum appeared in December. R n was significantly higher in the summer period (June, July, and August) than in the other seasons.
PAR showed a similar trend as R s , being higher in summer and autumn, lower in spring and summer. The daily maximum PAR was 1197.66 µmol m The study area had a hot summer and overall high temperatures throughout the year, with obvious seasonal variation ( Figure 2 ). The lowest monthly average temperature was 15.02 • C, recorded in December 2014. August was commonly the monthly temperature peak ( Table 2 
Relative Humidity
From 1 August 2014 to 31 July 2015, the annual mean relative humidity was 65.48%. The lower daily average relative humidity was usually over 40% and most of them were over 60% in the study area ( Figure 2 ). Compared to spring and winter, humidity in summer and autumn was higher ( Table 2 ). The highest daily average was 92.74% (on 13 August 2014) and the minimum was 22.80% (on 17 December 2014). Generally, the study area had high humidity and low vapor pressure deficit (VPD), contributing to the low vapor diffusion speed which could reduce vapor pressure difference between two sensors, which formed the Bowen ratio and lead to the decrease of the ET rate.
Precipitation
The total annual precipitation was 1173.30 mm from 1 August 2014 to 31 July 2015. In the dry season (from October to the following March), rainfall was only 140.20 mm and the remaining 1033.10 mm of precipitation fell in the wet season (from April to September), accounting for 88.05% of the total rainfall of the year. Among them, May to August had more rainfall (monthly over 130 mm). The maximum monthly rainfall was 307.70 mm in May 2015, and the minimum monthly rainfall was only 11.50 mm in March 2015. The daily maximum rainfall was 102.70 mm on 23 May 2015. Generally, the rainfall was in the form of storms (over 30 mm in 12 h). Taking the storm on 23 May 2015 as an example, 68.60 mm of the rainfall fell down in 1 h (15:00-16:00).
Wind Velocity
The wind velocity was generally low and the daily average wind velocity was only 0.21 m s −1 (Figure 2 ). This was because of the buildings in the urban area. During the year, spring had the highest wind velocity, which was significantly higher than that in the other seasons. The wind velocity in summer was slightly higher than that in autumn and winter. The above results show that the study area is a typical urban area characterized by plenty of solar radiation and precipitation, high humidity, and a lower wind velocity. Because wind velocity has highly spatially sensitive parameters, it is worth investigating its ET characteristics under these specific conditions.
Magnitude and Variation Trends of Hourly, Daily, and Seasonal ET
As shown in Figure 3 , the daily average ET over the year was 2.70 mm (1 October 2014 to 30 September 2015). The maximum daily ET was 6.24 mm (on 3 September 2014), and the minimum daily ET was 0.02 mm (on 12 January 2015). The minimum monthly ET was 42.30 mm (in December) and the maximum monthly value was 128.98 mm (in June). Monthly ET could over 100 mm in the wet season (May to October) but will be less than 60 mm in the dry season (November to March).
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3.1.6. Summary for Section 3.1
The above results show that the study area is a typical urban area characterized by plenty of solar radiation and precipitation, high humidity, and a lower wind velocity. Because wind velocity has highly spatially sensitive parameters, it is worth investigating its ET characteristics under these specific conditions.
As shown in Figure 3 Figure 4 . Usually, ET started from 7:00 and tended to zero approximately 17:00. This was due to the four-floor buildings in the east and west of the observation site, which obstructed the sunshine before 7:00 and after the 17:00. It was also shown that ET usually reached its maximum value approximately 11:00-12:00. The daily ET was 5.51, 3.53, 2.80, and 5.08 mm on 15 August, 13 October, 16 January, and 16 April, respectively. Figure 4 . Usually, ET started from 7:00 and tended to zero approximately 17:00. This was due to the four-floor buildings in the east and west of the observation site, which obstructed the sunshine before 7:00 and after the 17:00. It was also shown that ET usually reached its maximum value approximately 11:00-12:00. The daily ET was 5.51, 3.53, 2.80, and 5.08 mm on 15 August, 13 October, 16 January, and 16 April, respectively. Similar trends were also clearly shown in the seasonal average ET ( Figure 5 ). In summer, the lawn average ET was 0.04 mm h −1 at 7:00, reached a peak of 0.28 mm h −1 at 12:00 and fell to 0.04 mm h −1 at 17:00. ET rates increased dramatically between 7:00-10:00 and remained high through 11:00-13:00. After 14:00, ET rates decreased. Similar results were observed in other seasons. 
Urban ET Estimated by '3T Model + Infrared RS' Method
To test this method, measurements carried out over three sunny days (15 July, 16 August, and 13 October 2014) were used as examples (Figures 6 and 7) . Figure 6 shows the visible light image, temperature distribution image, and corresponding ET at 12:00 on 15 July 2014. In these images, because we focused only on the ET of lawns (the green area in the lower image), trees, shaded areas, and other areas were not included (the red, blue, and white areas in the bottom image). In the calculation, the measured maximum lawn temperature was used as the reference temperature. According to the same procedures, we obtained the hourly lawn ET on 15 July 16 August and 13 October. A comparison with the Bowen ratio results is shown in Figure 7 . Similar trends were also clearly shown in the seasonal average ET ( Figure 5 ). In summer, the lawn average ET was 0.04 mm h −1 at 7:00, reached a peak of 0.28 mm h −1 at 12:00 and fell to 0.04 mm h −1 at 17:00. ET rates increased dramatically between 7:00-10:00 and remained high through 11:00-13:00. After 14:00, ET rates decreased. Similar results were observed in other seasons. Similar trends were also clearly shown in the seasonal average ET ( Figure 5 ). In summer, the lawn average ET was 0.04 mm h −1 at 7:00, reached a peak of 0.28 mm h −1 at 12:00 and fell to 0.04 mm h −1 at 17:00. ET rates increased dramatically between 7:00-10:00 and remained high through 11:00-13:00. After 14:00, ET rates decreased. Similar results were observed in other seasons. 
To test this method, measurements carried out over three sunny days (15 July, 16 August, and 13 October 2014) were used as examples (Figures 6 and 7) . Figure 6 shows the visible light image, temperature distribution image, and corresponding ET at 12:00 on 15 July 2014. In these images, because we focused only on the ET of lawns (the green area in the lower image), trees, shaded areas, and other areas were not included (the red, blue, and white areas in the bottom image). In the calculation, the measured maximum lawn temperature was used as the reference temperature. According to the same procedures, we obtained the hourly lawn ET on 15 July 16 August and 13 October. A comparison with the Bowen ratio results is shown in Figure 7 . 
To test this method, measurements carried out over three sunny days (15 July, 16 August, and 13 October 2014) were used as examples (Figures 6 and 7) . Figure 6 shows the visible light image, temperature distribution image, and corresponding ET at 12:00 on 15 July 2014. In these images, because we focused only on the ET of lawns (the green area in the lower image), trees, shaded areas, and other areas were not included (the red, blue, and white areas in the bottom image). In the calculation, the measured maximum lawn temperature was used as the reference temperature. According to the same procedures, we obtained the hourly lawn ET on 15 July, 16 August and 13 October. A comparison with the Bowen ratio results is shown in Figure 7 .
On 15 July, ET increased from 0.05 mm h −1 at 8:00 to 0.10 mm h −1 at 10:00 and reached the daily peak of 0.33 mm h −1 at 12:00. Then, ET gradually decreased and fell to 0.06 mm h −1 at 17:00. A similar ET trend was observed using the Bowen ratio method. From the scatter diagram (top-right), we found that the results of two methods agreed with each other very well. The distribution of data were close to 1:1 line and the regression line between them was y = 1.12x + 0.03, with a slope close to 1 (1.12), intercept close to zero (0.03), and a high coefficient of determination R 2 = 0.93.
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On 15 July, ET increased from 0.05 mm h −1 at 8:00 to 0.10 mm h −1 at 10:00 and reached the daily peak of 0.33 mm h −1 at 12:00. Then, ET gradually decreased and fell to 0.06 mm h −1 at 17:00. A similar ET trend was observed using the Bowen ratio method. From the scatter diagram (top-right), we found that the results of two methods agreed with each other very well. The distribution of data were close to 1:1 line and the regression line between them was y = 1.12x + 0.03, with a slope close to 1 (1.12), intercept close to zero (0.03), and a high coefficient of determination R 2 = 0.93. Similar trends and results were obtained on 16 August (middle in Figure 7 ) and 13 October (bottom in Figure 7 ). On 16 August, the ET rate gradually increased from 8:00 and reached its maximum value at 13:00. On 13 October, the maximum ET value appeared at 12:00. Again, the distribution of data in the two days was close to 1:1 lines. On August 16 and October 13, their regression line and regression coefficient between the ET estimated by the two method was y = 1.11x − 0.24 Similar trends and results were obtained on 16 August (middle in Figure 7 ) and 13 October (bottom in Figure 7 ). On 16 August, the ET rate gradually increased from 8:00 and reached its maximum value at 13:00. On 13 October, the maximum ET value appeared at 12:00. Again, the distribution of data in the two days was close to 1:1 lines. On August 16 and October 13, their regression line and regression coefficient between the ET estimated by the two method was y = 1.11x − 0.24 and Y = 0.98x, R 2 = 0.95 and R 2 = 0.91 respectively. Their slopes were close to 1 and intercepts were close to zero. The root mean square error was 0.04, 0.03, and 0.03 mm h −1 on 15 July, 16 August, and 13 October 2014, respectively.
Discussion
Relationship between Urban ET and Precipitation (P)
In this study, the daily and monthly ET could reach 6 mm and 100 mm, respectively. Compared with the magnitude of ET observed in other landscapes (grasslands, farmlands, and forests), these values were not small (Yan and Qiu, 2016) . The daily ET in our study could reach to 6 mm day −1 , much higher than 1-3 mm day −1 observed in other urban areas located in temperate zones [4, 29, 30] . Urban ET is very obvious and cannot be neglected for water and environmental management.
Though the ratio of ET/P is an important parameter for water management and flood control in urban areas, this ratio is not well known because of a lack of experiment-based ET values. Although there are some urban ET values based on model simulations, the lack of verification makes it difficult to use these poorly tested results. Our results showed that during the whole year (1 August 2014 to 31 July 2015), ET was 361.36 mm and 624.72 mm in the dry and wet seasons, respectively, whereas the corresponding precipitation was 140.20 mm and 1033.10 mm.
As shown in Figure 8 , on a monthly basis, ET/P was usually greater than 1 in the dry season (October to March). It was even greater than 4 in October, November, February, and March. However, ET/P was usually less than 1 in the wet season (from April to September). The minimum ET/P was only 0.28 (May).
The average ET/P was 0.6 in the wet season, indicating 60% of precipitation evaporated as vapor. It was 2.6 in the dry season, indicating ET was 260% the precipitation in the same period. The large amount of ET in the dry season was due to added irrigation. Assuming that all rainfall in the dry season was used for lawn ET and the effect of irrigation on ET was not considered, we got ET/P = 0.65 over the year, indicating 65% of the annual precipitation evaporated in this humid city. For many cities located in the sub-humid and sub-arid areas, ET/P could be easily larger than 0.65, indicating most or all of their annual precipitation could be evaporated. There would be less or no surface runoff under these conditions if their vegetation was well established.
Discussion
Relationship between Urban ET and Precipitation (P)
In this study, the daily and monthly ET could reach 6 mm and 100 mm, respectively. Compared with the magnitude of ET observed in other landscapes (grasslands, farmlands, and forests), these values were not small (Yan and Qiu, 2016) . The daily ET in our study could reach to 6 mm day −1 , much higher than 1-3 mm day −1 observed in other urban areas located in temperate zones ( [4, 29, 30] ). Urban ET is very obvious and cannot be neglected for water and environmental management.
The average ET/P was 0.6 in the wet season, indicating 60% of precipitation evaporated as vapor. It was 2.6 in the dry season, indicating ET was 260% the precipitation in the same period. The large amount of ET in the dry season was due to added irrigation. Assuming that all rainfall in the dry season was used for lawn ET and the effect of irrigation on ET was not considered, we got ET/P = 0.65 over the year, indicating 65% of the annual precipitation evaporated in this humid city. For many cities located in the sub-humid and sub-arid areas, ET/P could be easily larger than 0.65, indicating most or all of their annual precipitation could be evaporated. There would be less or no surface runoff under these conditions if their vegetation was well established. As mentioned above, ET could use large amount of solar radiation as latent heat and reduce the air temperature and urban heat island intensity. Our former measurements showed that the ground surface temperature difference between the lawn (with ET) and the nearby paved road (without ET) could be as much as 30 °C in middle summer days ( [41] ). Based on the air temperature measurement at the height of 1.5 m above ground surface, we found that the average urban island intensity could be 1.67 °C lower in this vegetated area than the nearby no vegetation area throughout a two-year period ( [42] ). Furthermore, our results also showed that the daily average transpiration rate As mentioned above, ET could use large amount of solar radiation as latent heat and reduce the air temperature and urban heat island intensity. Our former measurements showed that the ground surface temperature difference between the lawn (with ET) and the nearby paved road (without ET) could be as much as 30 • C in middle summer days [41] . Based on the air temperature measurement at the height of 1.5 m above ground surface, we found that the average urban island intensity could be 1.67 • C lower in this vegetated area than the nearby no vegetation area throughout a two-year period [42] . Furthermore, our results also showed that the daily average transpiration rate (measured by sap-flow method) of a small-sized ficus tree in this field was 36-55 kg (in hot season) and its cooling effect is equivalent to a 1.6-2.4 kWh air conditioner working for all day (24 h) [3] .
The cooling effect of ET to urban area and urban heat island is very obvious. Increasing urban ET could be a useful way to mitigate climate warming, especially in urban areas.
Our results revealed that ET can take most of the annual precipitation, even if in a humid subtropical urban environment. This study was one of the very few studies on urban ET based on detailed experiments and observations. This result also showed that vegetation ET can greatly reduce urban runoff, which is important for flood control. In addition, ET can also use a large amount of solar energy and reduce the intensity of urban heat islands. Therefore, Urban ET and E/P are two of the most important parameters for ongoing sponge city design, low impact development, and urban thermal environmental management throughout the world.
Main Impact Factor of Urban ET
The relationships between ET and meteorological factors have been well studied for years in farmlands, grasslands, forests, and other landscapes. It is clear that there are three main factors controlling ET: the available energy (radiation), vapor diffusion condition (VPD and wind velocity), and soil water availability. However, the main fact controlling urban ET may differ with these landscapes because the lower wind velocity, higher temperature, and lower soil water availability (due to very thin soil layer). This may especially important in our study area because in addition to the lower wind velocity, VPD is lower, too. Therefore, it is interesting to investigate which factor is the most important one to control urban ET. For these purposes, we explored the influence of solar radiation (here we use PAR as representative), air temperature, relative humidity, and wind velocity on ET by using partial correlation analysis method.
We used the average data during a one-year period (1 August 2014 to 31 July 2015) to investigate their relationships. The partial correlation coefficients between urban lawn ET and PAR, relative humidity, wind velocity, and air temperature were 0.927, 0.079, 0.037, and 0.028, respectively, at a 99% confidence level. These results showed that urban ET was strongly related with solar radiation. The relationship between urban ET and relative humidity, wind velocity, and temperature was very weak.
Generally, ET is well related with radiation, humidity, and wind velocity in other landscapes. However, it does not fit with our results. To investigate whether seasonal changes reduced the influence of these factors, we carried out the same analysis using monthly average data. The results are shown in Table 3 . Again ET was highly related with PAR with the correlation coefficient varying from 0.65 to 0.92. The correlation coefficients between ET and temperature, humidity, and wind velocity were all very low. Usually, VPD is an indicator of the combined effect of temperature and humidity. To investigate the effect of VDP on urban ET, we also carried out a partial correlation analysis between ET and PAR, VPD, and wind velocity. The correlation coefficients were 0.923, −0.039, and 0.028, respectively. This result showed that the role of VPD on ET under our conditions was limited.
These results were possibly due to the low wind velocity and constant humidity conditions in the study area. The mean wind velocity in the study site was only 0.3 m s −1 over the experimental period. The daily RH was also stably located in the range of 60% to 80%. Therefore, it was concluded that the urban ET was strongly related only with radiation. The effects of VPD, humidity, temperature, and wind velocity on urban ET were very weak under these urban conditions.
Evaluation of the '3T Model + Infrared RS' Method for Urban ET Estimation
As discussed before, it is difficult to estimate urban ET by using many of the conventional methods because their fetch requirements cannot be met under the condition of high spatial heterogeneity in urban area. In addition, these methods are usually based on the measurements carried out at one point and then extend its results to the whole field. This also not work under the condition of high spatial heterogeneity in urban areas. In this study, we tried to use the approach of '3T model + infrared RS' to overcome these challenges. We chose this approach because this method does not include wind velocity, VPD, humidity, and other parameters sensitive to spatial heterogeneity. The main input parameter of the proposed method is the surface temperature, which can be measured at over 100,000 points by thermal cameras on the ground, airplanes, and satellites. Up to now, it has been successfully applied under several spatial heterogeneous conditions [43] [44] [45] [46] [47] [48] .
By verifying with Bowen ratio method, it was found that the results of two methods agreed with each other very well. The distribution of ET data were close to 1:1 line, the slope of regression line between them was close to 1 (1.12, 1.11, and 0.98 for the three days, respectively), intercept close to zero (0.03, 0.24, and 0.00 for the three days, respectively), and a high coefficient of determination (R 2 = 0.93, 0.95, and 0.91 for the three days, respectively). Urban ET and its spatial heterogeneity can be well measured and revealed by the approach of '3T model + infrared RS'. Because wind velocity, VPD, humidity, and other spatial sensitive parameters are not required in this methodology, these advantages make it a suitable methodology for urban ET estimation.
Conclusions
The study area is a typical urban area characterized by plenty of sunshine and precipitation, high humidity in the wet season, and a lower wind velocity. These features are very common in subtropical urban and it is worth investigating its ET characteristics. Our studies show that urban ET is mainly affected by solar radiation under these conditions. The effects of air humidity, wind velocity, and air temperature are very weak.
The daily average ET of the urban lawn is 2.70 mm. The average monthly ET in the wet season (May to October) is over 100 mm, whereas it is less than 60 mm in the dry season (November to March). The annual total ET is approximately 990 mm. Compared with the magnitude of ET observed in other landscapes, these ET values are quite obvious. In addition, the average monthly precipitation is 23.37 mm in the dry season and 172.18 mm in the wet season. The ratio of ET/P is 0.65 in the wet season, 2.6 in the dry season, and 0.84 over the year, indicating that ET can take away most of the water from precipitation and much less runoff can be expected. The large amount of ET in the dry season was due to added irrigation. Assuming that all rainfall in the dry season was used for lawn ET and the effect of irrigation on ET was not considered, the ET/P was still 0.65 over the year. This means that 65% of the annual precipitation was evaporated. Urban ET is a highly important component of urban water and energy balances, and it cannot be neglected for sponge city design, low impact development, and urban thermal environmental management.
The fetch-free approach of '3T model + infrared RS' is verified to be a reasonable method to estimate urban ET under highly spatial heterogeneous conditions. The verification results show that the coefficient of determination (R 2 ) of urban lawn ET estimated by the suggested method and Bowen ratio method is greater than 0.93, and the root mean square error is less than 0.04 mm h −1 . In addition, the spatial heterogeneity of ET can be reasonably reflected by this approach. Because wind velocity, VPD, humidity, and other spatial sensitive parameters are not required in this method, these advantages make it a suitable methodology for urban ET measurement.
